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We investigate the possibility of phantom crossing in the dark energy sector and solution for
the Hubble tension between early and late Universe observations. We use robust combinations
of different cosmological observations, namely the CMB, local measurement of Hubble constant
(H0), BAO and SnIa for this purpose. For a combination of CMB+BAO data which is related to
early Universe physics, phantom crossing in the dark energy sector is confirmed at 95% confidence
level and we obtain the constraint H0 = 71.0
+2.9
−3.8 km/s/Mpc at 68% confidence level which is
in perfect agreement with the local measurement by Riess et al. We show that constraints from
different combination of data are consistent with each other and all of them are consistent with
phantom crossing in the dark energy sector. For the combination of all data considered, we obtain
the constraint H0 = 70.25 ± 0.78 km/s/Mpc at 68% confidence level and the phantom crossing
happening at the scale factor am = 0.851
+0.048
−0.031 at 68% confidence level.
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1. INTRODUCTION
The observed phenomenon of cosmic acceleration [1, 2]
brought revolutionary change in our understanding about
the cosmos. To explain the alleged accelerated expan-
sion within the regime of General Relativity, it is es-
sential to introduce some unknown source in the en-
ergy budget of the universe. This exotic source of en-
ergy is dubbed as dark energy. Different prescriptions
from different branches of theoretical physics regarding
the physical entity of dark energy are available in the
literature. The energy density of vacuum [3–5], scalar
fields energy density [6], or some unknown fluid [7, 8]
can be candidate of dark energy. But none of these are
beyond ambiguity. The unprecedented technical develop-
ments in cosmological observations in the recent years,
like the observation of Cosmic Microwave Background
(CMB) by Planck [9], the extended Supernova Cosmol-
ogy Project [10], the observation of baryon distribution in
the universe by Baryon Oscillation Spectroscopic Survey
(BOSS) [11], multi-wavelength observation of the large
scale structure of the universe by Sloan Digital Sky Sur-
vey (SDSS) [12] etc, have ensured very precise constraints
on cosmological models.
Depending on the nature of the dark energy equation of
state, the time varying dark energy models are classified
into two section, phantom dark energy (wde < −1) and
non-phantom dark energy (wde > −1). The phantom
barrier is delineated by wde = −1 which represents the
cosmological constant or the vacuum dark energy. The
prime motivation of the present work is to check whether
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cosmological observations allow a dark energy to have a
transition from phantom to non-phantom or vice-versa.
The theoretical background of phantom crossing dark en-
ergy are discussed in the composite scalar filed model by
Hu [13] and by Wei and Cai [14] and in context of Horn-
deski’s Theory by Matsumoto [15]. Some recent studies
regarding the observational aspects of phantom crossing
dark energy are referred there in [16–19]. Recent model
independent reconstruction of dark energy equation state
by Zhao et al. [20, 21] shows that a combination of cos-
mological data including CMB data from Planck obser-
vation, points towards possible phantom crossing in dark
energy equation of state. Similar results have been ob-
tained by Capozziello et al. [22] with only low-redshifts
data. Moreover reconstruction procedures for the dark
energy density ρde(z) [23] as well as Hubble parameter
H(z) [24] also exhibited phantom crossing in the dark
energy sector.
Another serious issue of cosmological modelling is the
disagreement of the local measurement of Hubble param-
eter with the value estimated from the CMB. The local
measurements suggest a higher value of the present Hub-
ble parameter (H0) compared to the value estimated for
the standard model composed by a cosmological constant
with cold dark matter (ΛCDM) from the CMB likelihood.
The latest measurement of H0, reported by the SH0ES
collaboration, is H0 = 74.03 ± 1.42 km/s/Mpc at 68%
CL [25] and the value estimated by Planck for ΛCDM
is H0 = 67.27 ± 0.60 km/s/Mpc at 68% CL [26]. The
tension is now at 4.4σ level. There are many attempts to
alleviate the issue in the literature (see for an incomplete
list of works Refs. [27–66]).
An important aspect of the present reconstruction is,
therefore, to investigate whether a phantom crossing in
dark energy evolution can alleviate the present Hub-
ble tension. The present reconstruction is purely phe-
nomenological based on parametrization of the dark en-
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2ergy density. There is no assumption about the phys-
ical entity of dark energy from any theoretical back-
ground apart from that it has a phantom crossing at
some stage during its evolution. The dark energy density
is parametrized using a Taylor series expansion truncated
at certain order. The coefficients of the series expansion
are constrained using observational data with a statisti-
cal approach. We have assumed that the components in
the energy budget, namely the matter, dark energy and
radiation, are independently conserved. In the following
sections, we discuss the present reconstruction, the ob-
servational constraints and finally conclude with overall
remarks on the results.
2. RECONSTRUCTION OF THE MODEL
We assume that there is an extrema in the dark energy
density, ρDE , at a scale factor am. This is a typical
feature in dark energy model with phantom crossing. We
take a Taylor series expansion of ρDE around am,
ρDE(a) = ρ0 + ρ2(a− am)2 + ρ3(a− am)3
= ρ0[1 + α(a− am)2 + β(a− am)3]. (1)
As we have assumed that ρDE has an extrema at am, we
have ignored the first order derivative term in the Taylor
expansion. We also restrict ourselves up to third order in
the Taylor expansion. Allowing higher order terms will
involve more parameters in the model that may not be
tightly constrained with present data. Moreover higher
order terms will be subdominant compared to the present
terms. With this, the Hubble parameter can be written
as,
3H2 + 3
k
a2
= 8piG[ρm + ργ + ρDE ]. (2)
Finally we will have,
H2(a)/H20 = Ωm0a
−3 + Ωk0a−2 + Ωγ0a−4
+
(
1− Ωm0 − Ωk0 − Ωγ0
1 + α(1− am)2 + β(1− am)3
)
[
1 + α(a− am)2 + β(a− am)3
]
, (3)
and the dark energy equation of state
wDE(a) = −1− a[2α(a− am) + 3β(a− am)
2]
3[1 + α(a− am)2 + β(a− am)3] . (4)
Set of model parameters, (α, β, am) are introduced
through the present reconstruction. The am is the scale
factor, where the ρDE has an extrema. If am is con-
strained to be am < 1, its a signature of transition in the
nature of dark energy. In our subsequent analysis, we
assume spatially flat universe, i.e. Ωk0 = 0.
3. METHODOLOGY
In order to constrain the DE models parameters, we
make use of some of the most recent cosmological mea-
surements available. These will be:
• CMB: we consider the temperature and polariza-
tion CMB angular power spectra of the Planck
legacy realease 2018 plikTTTEEE+lowl+lowE [26,
67] as a baseline.
• R19: we adopt a gaussian prior H0 = 74.03± 1.42
km/s/Mpc at 68% CL on the Hubble constant as
measured by the SH0ES collaboration in [25].
• BAO: we add the Baryon Acoustic Oscillation
measurements 6dFGS [68], SDSS MGS [69], and
BOSS DR12 [70], as adopted by the Planck collab-
oration in [26].
• Pantheon: we make use of the luminosity distance
data of 1048 type Ia Supernovae from the Pantheon
catalog [71].
• lensing: we consider the 2018 CMB lensing re-
construction power spectrum data, obtained with
a CMB trispectrum analysis in [72].
We adopt as a baseline a 9-dimensional parameter
space, i.e. we vary the following cosmological parame-
ters: the baryon energy density Ωbh
2, the cold dark mat-
ter energy density Ωch
2, the ratio of the sound horizon
at decoupling to the angular diameter distance to last
scattering θMC , the optical depth to reionization τ , the
amplitude and the spectral index of the primordial scalar
perturbations As and ns, and, finally, the three param-
eters assumed in our expansion of the ρDE in eq. 1, i.e.
α, β and am. We impose flat uniform priors on these
parameters, as reported in Table I.
To analyse the data and extract the constraints on
these cosmological parameters, we use our modified ver-
sion of the publicly available Monte-Carlo Markov Chain
package CosmoMC [73]. This is equipped with a conver-
gence diagnostic based on the Gelman and Rubin statis-
tic [74], and implements an efficient sampling of the pos-
terior distribution using the fast/slow parameter decor-
relations [75]. Finally, it includes the support for the
2018 Planck data release [67] (see http://cosmologist.
info/cosmomc/).
4. OBSERVATIONAL CONSTRAINTS
In Table II we show the constraints at 68% CL for the
cosmological parameters explored in this paper, for differ-
ent dataset combinations. In Fig. 1 we show instead the
2D contour plots and 1D posterior distribution on some
of the most interesting parameters. We are not showing
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FIG. 1: Triangular plot showing 2D and 1D posterior distributions of some interesting parameters considered in this work.
Planck+all refers to Planck+lensing+BAO+R19+Pantheon.
Parameter Prior
Ωbh
2 [0.005, 0.1]
Ωch
2 [0.005, 0.1]
τ [0.01, 0.8]
ns [0.8, 1.2]
log[1010As] [1.6, 3.9]
100θMC [0.5, 10]
α [0, 30]
β [0, 30]
am [0, 1]
TABLE I: Flat priors for the cosmological parameters.
the CMB only constraints because they are bimodal in
am, i.e. CMB alone is not able to distinguish which is
its best value in fitting the data, but we need additional
probes to broke the degeneracy. Eventually, we will find
that CMB+lensing prefers one of the two peaks, while all
the other combinations (+BAO, +Pantheon and +R19)
prefer the other peak (see Fig. 2).
Comparing the constraints on the cosmological param-
eters reported in Table II for our scenario, with those re-
ported by the Planck collaboration in [26] for a wCDM
model, we can see that they are completely in agree-
ment for the CMB+lensing dataset combination (second
column). This happens because the scale factor of the
transition am is consistent with zero, so in agreement
with a phantom dark energy like preferred by Planck in
a wCDM model. Moreover, both α and β are consistent
with 0, i.e. a cosmological constant, within one standard
deviation. For CMB+lensing we find that the Hubble
constant parameter is almost unconstrained (H0 > 75.4
km/s/Mpc at 95% CL), and S8 = 0.752
+0.009
−0.025 at 68%
CL, is completely in agreement within one standard de-
viation with the combination of the cosmic shear data
KiDS+VIKING-450+DES-Y1 [76], while the tension on
S8 is at 3.2σ in a ΛCDM context.
4TABLE II: 68% CL constraints on the cosmological parameters for the different dataset combinations explored in this work.
CMB+all refers to Planck+lensing+BAO+R19+Pantheon.
Parameters CMB+lensing CMB+R19 CMB+BAO CMB+Pantheon CMB+all
am < 0.276 > 0.830 0.859± 0.064 0.917+0.054−0.029 0.851+0.048−0.031
α < 17.7 < 8.62 7.3± 3.9 < 5.10 < 3.32
β < 16.7 16.0± 7.5 16.1± 7.8 10.6+4.4−7.9 7.7+2.2−4.7
Ωch
2 0.1194± 0.0014 0.1196± 0.0014 0.1201± 0.0013 0.1198± 0.0014 0.1198± 0.0011
Ωbh
2 0.02243± 0.00014 0.02243± 0.00016 0.02238± 0.00014 0.02240± 0.00015 0.02240± 0.00014
100θMC 1.04097± 0.00031 1.04096± 0.00032 1.04092± 0.00030 1.04095± 0.00032 1.04093± 0.00030
τ 0.0521± 0.0076 0.0532± 0.0080 0.0539+0.0070−0.0080 0.0529± 0.0076 0.0521± 0.0075
ns 0.9667± 0.0042 0.9665± 0.0045 0.9652± 0.0043 0.9659± 0.0045 0.9655± 0.0038
ln(1010As) 3.038± 0.015 3.041± 0.016 3.044± 0.016 3.041± 0.016 3.039± 0.015
H0[km/s/Mpc] > 92.8 74.2± 1.4 71.0+2.9−3.8 71.7+2.2−3.1 70.25± 0.78
σ8 1.012
+0.051
−0.009 0.881± 0.018 0.848+0.027−0.034 0.860+0.026−0.033 0.838± 0.011
S8 0.752
+0.009
−0.025 0.818± 0.016 0.826± 0.019 0.828± 0.016 0.823± 0.011
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FIG. 2: 1D posterior distribution of am for the different
dataset combinations explored in this work. CMB+all refers
to Planck+lensing+BAO+R19+Pantheon.
Since the CMB and R19 are in agreement now within
2 standard deviations, we can combine them safely to-
gether. The results we obtain for the joint analysis
CMB+R19 are reported in the third column of Table II.
Here we see that, while α is still consistent with zero
within 1σ, we have now β = 16.0 ± 7.5 at 68% CL and
am > 0.830 at 68% CL, i.e. consistent with 1.
An interesting result is that obtained combining to-
gether CMB and BAO, that is shown in the forth column
of Table II. Here we can see that, on the contrary with
respect to many other cosmological scenarios, included a
ΛCDM model of which our parametrization is an exten-
sion, CMB+BAO gives H0 = 71.0
+2.9
−3.8 km/s/Mpc at 68%
CL. This large Hubble constant value is now perfectly
consistent within one standard deviation with the R19
measurement, while all the other cosmological parame-
ters are almost unchanged if compared with a wCDM sce-
nario for the same CMB+BAO data combination. This
increase of the H0 parameter is due to its positive cor-
relation with α and β, and negative with am, as we can
see in Fig. 1. For the CMB+BAO case we have in fact
an indication that all these three parameters are different
from the expected values at more than 1σ. In particular
we find, at 68% CL, am = 0.859±0.064, α = 7.3±3.9 and
β = 16.1± 7.8. Therefore, in this case there is an indica-
tion at more than 2σ for a transition in the dark energy
density. The constraint on the present day equation of
state wDE(z = 0) is −1.61+0.60−0.91 at 95% CL ruling out
the cosmological constant at about 2σ. Given that both
CMB and BAO are related to early Universe physics, this
shows that a phantom crossing in dark energy sectors al-
leviates the tension between the early and late Universe
determinations of the parameter H0. In the left panel of
Fig. 3, we show the behaviour of the expansion rate of
the Universe for this dataset combination. We can see
an excellent agreement with all the latest measurements.
The same interesting larger value of the Hubble con-
stant persists even if we combine CMB and Pantheon
data. In this case, as we show in the fifth column of
Table II, H0 = 71.7
+2.2
−3.1 km/s/Mpc at 68% CL, i.e. con-
sistent with R19. As we can see in Fig. 1, it is the positive
correlation between H0 and α and β to shift the Hubble
constant towards higher values, while, on the contrary
with respect to the CMB+BAO combination, in this case
there is a positive correlation also between H0 and am.
For the Dark Energy parameters of our model we find
for CMB+Pantheon, at 68% CL, am = 0.917
+0.054
−0.029 and
β = 10.6+4.4−7.9, i.e. different from the expected value in a
ΛCDM model at more than 1σ, while α < 5.10 is consis-
tent with zero.
Given a preference for all the data combination of a
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FIG. 3: Behaviour of H(z)/(1 + z) for the combinations CMB+BAO (on the left) and CMB+all (on the right). Observational
data points of local measurement of H0 by Riess et al.[25], BOSS DR12 [70], BOSS DR14 quasars [77], BOSS DR14 Ly-α
[78, 79] are also shown.
large H0, we can conclude that this indication is ro-
bust irrespective to the combination of data analysed
here. For this reason we combine them all together be-
cause they are no more in tension. The joint result,
i.e CMB+lensing+BAO+Pantheon+R19, is displayed in
the last column of Table II, where we see H0 = 70.25 ±
0.78 km/s/Mpc at 68% CL, reducing the tension with
R19 at 2.3 standard deviations. In the right panel of
Fig. 3, we show the behaviour of the expansion rate of the
Universe for this combination. Also in this case, we can
see a good agreement with all the latest measurements
of BAO. However, even if for this dataset combination
we have a slightly lower S8 = 0.823 ± 0.011 at 68% CL,
the tension with the cosmic shear data KiDS+VIKING-
450+DES-Y1 [76] is still at 3.1σ. For the joint case we
find, at 68% CL, am = 0.851
+0.048
−0.031 and β = 7.7
+2.2
−4.7,
i.e. they are different from the expected value in a
ΛCDM scenario at more than 2σ because highly non-
gaussian, while α < 3.32 at 68% CL is consistent with
zero. Therefore, a robust indication at more than 2σ for
a transition in the dark energy density is suggested by
the data. The constraint on the present day equation of
state wDE(z = 0) is −1.33+0.31−0.42 at 95% CL, ruling out
the cosmological constant at more than 2σ.
5. CONCLUSION
In this work, we consider a dark energy behaviour with
phantom crossing and confront it with different observa-
tional data including the latest CMB data from Planck.
We do not consider any specific theoretical set up in-
volving fields but rather we approach it in a general way
where we assume that the dark energy density should
have an extrema at a particular scale factor am for phan-
tom crossing. If am < 1, this crossing happens before the
present day. We Taylor expand the dark energy density
around this extrema and check whether the observational
data is consistent with am < 1. We find that a combi-
nation of observational data including that from Planck
is indeed consistent with am < 1 confirming the pres-
ence of phantom crossing. Moreover the phantom cross-
ing also helps to alleviate the H0 tension between low
and high redshift observations. The CMB+BAO com-
bination which represents early Universe physics, gives
a constraint H0 = 71.0
+2.9
−3.8 km/s/Mpc at 68% CL for
model with phantom crossing which is fully in agreement
with the local measurement of H0 by R19. Moreover,
constraints on different parameters including H0 for dif-
ferent combination of data are consistent to each other
and allows us to combine all the data. For the combina-
tion of all data, the phantom crossing is observed at more
than 2σ and the constraint on H0 is H0 = 70.25 ± 0.78
km/s/Mpc at 68% CL, which is in tension with R19 at
2.3 standard deviation, much lower than the present ten-
sion with ΛCDM and many other dark energy models,
suggesting a formidable alleviation of the Hubble tension
with phantom crossing.
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